Understanding bat use of human-altered habitat is critical for developing effective conservation plans for this ecologically important taxon. Green roofs, building rooftops covered in growing medium and vegetation, are increasingly important conservation tools that make use of underutilized space to provide breeding and foraging grounds for urban wildlife. Green roofs are especially important in highly urbanized areas such as New York City (NYC), which has more rooftops (34%) than green space (13%). To date, no studies have examined the extent to which North American bats utilize urban green roofs. To investigate the role of green roofs in supporting urban bats, we monitored bat activity using ultrasonic recorders on four green and four conventional roofs located in highly developed areas of NYC, which were paired to control for location, height, and local variability in surrounding habitat and species diversity. We then identified bat vocalizations on these recordings to the species level. We documented the presence of five of nine possible bat species over both roof types: Lasiurus borealis, L. cinereus, L. noctivagans, P. subflavus,andE. fuscus. Of the bat calls that could be identified to the species level, 66% were from L. borealis. Overall levels of bat activity were higher over green roofs than over conventional roofs. This study provides evidence that, in addition to well documented ecosystem benefits, urban green roofs contribute to urban habitat availability for several North American bat species.
Introduction
Urbanization is a leading cause of species endangerment in the United States (Czech et al., 2000) with persistent trends of decreased species richness and diversity (McKinney, 2008 (McKinney, , 2002 as well as a high degree of biotic homogenization for most taxa (Lockwood et al., 2000; McKinney and Lockwood, 1999) . As of 2008, more than half the world's human population lived in cities, and this proportion is predicted to grow to 72% by 2050 (United Nations, 2012), significantly impacting biodiversity (Mcdonald et al., 2008) . Hence, as the urban human population continues to increase, it becomes progressively more important to include urbanized areas in biological conservation efforts (Marzluff and Rodewald, 2008) . Mitigating the negative consequences of urbanization, thus conserving biodiversity in urban habitats, has a positive impact on both humans and ecosystems (Savard et al., 2000) . One potential tool in conserving urban biodiversity is the installation of green roofs.
Green roofs are vegetated rooftops. Built on flat or sloped rooftops, they consist of a root barrier, a drainage layer, a filter layer, growing medium, and vegetation (Getter and Rowe, 2006) . Green roofs benefit urban ecosystems by providing services such as reducing stormwater runoff (Berndtsson, 2010; VanWoert et al., 2005) and mitigating the urban heat island effect (Getter and Rowe, 2006; Smith and Roebber, 2011) . More recently, studies have begun to investigate the potential of green roofs to increase urban biodiversity by providing patches of suitable habitat (Oberndorfer et al., 2007) . This may be of particular importance in cities where there is more rooftop surface area than available green space. Several recent studies found that vegetated roofs can provide valuable habitat for a multitude of microorganisms and arthropods, especially when designed to replicate native habitat (Braaker et al., 2014; Brenneisen, 2007; Colla et al., 2009; Getter and Rowe, 2006; Kadas, 2007) . Even small green roofs increase the connectivity of urban habitat patches, influencing the diversity of mobile arthropods positively (Braaker et al., 2014 ). An arthropod prey base and vegetative cover has the potential to provide usable habitat for vertebrates with the mobility to reach rooftops. Birds are known to use green roofs for foraging and nesting (Baumann, 2007) and, in some cases, green roof habitats are developed specifically for avian species of concern (Gedge and Kadas, 2005; Oberndorfer et al., 2007) .
However, birds are not the only vertebrates with the potential to take advantage of urban rooftop habitats. Bats are an ecologically and economically important taxonomic group (Boyles et al., 2011; Kunz et al., 2011) , and, presumably, volancy enables them to take advantage of small, elevated patches of habitat that are inaccessible to terrestrial mammals. While some bats are commonly observed in cities worldwide (e.g., Avila-Flores and Fenton, 2005; Hourigan et al., 2010 and Rydell, 1992) , the effects of urbanization are species-specific and highly dependent on landscape context Chelsvig, 2004, 2003) and level of disturbance (Hourigan et al., 2006; Jung and Kalko, 2011) . Most studies of urban bats have found that urbanization results in a reduction of species diversity and the dominance of a few, open-adapted, generalist species (AvilaFlores and Fenton, 2005; Coleman and Barclay, 2012; Duchamp and Swihart, 2008; Loeb et al., 2008; Luck et al., 2013; Threlfall et al., 2011; Ulrey et al., 2005) . Even among urban-adapted bats, however, activity is dependent on the availability of suitable habitat for roosting and foraging as well as prey within the urban matrix (Avila-Flores and Fenton, 2005; Dixon, 2011) . Thus, the presence of green roofs with high arthropod abundance and diversity may be beneficial foraging grounds for bats in urban habitats. Pearce and Walters (2012) provided preliminary evidence supporting this prediction in the UK: bat activity was higher over green roofs compared to roofs with only conventional roofing material. Because Pearce and Walters (2012) monitored each site in their study for only a total of seven nights during a single breeding season and because bat activity has high temporal variability (Hayes, 1997) , their results are difficult to generalize.
The primary objective of this study is to expand the previous research investigating urban green roofs as habitat for bats. We collected a larger dataset than previous studies by comparing bat activity over urban green and conventional urban rooftop sites for an entire season. Using passive recording devices, we recorded bat passes and feeding buzzes (defined below), which can indicate foraging activity. We predicted that there would be more bat activity and higher species richness over urban green roofs than nearby comparable conventional roofs. Because surrounding landscape variables are likely to influence bat activity at a given site, we also investigated surrounding land cover on overall bat activity.
Methods

Study sites
Study sites were located within the Bronx, Queens, and Manhattan boroughs of New York, NY, USA. New York City (NYC) has an approximate population of 8.4 million people over 487 km 2 (US Census Bureau, 2014). To compare bat activity between green and conventional roof sites, we used a paired study design as recommended by Hayes (1997) to help control for the large amount of temporal variation in bat activity within and among nights and seasons. Four green roofs were selected for this study. Each roof had a waterproof membrane and growing substrate, and all were completely covered in vegetation. For each green roof, a nearby conventional roof site was selected for comparison. Conventional roofs were the same number of stories tall as the paired green roof, were located within one city block of the green roof, and had conventional blacktop or concrete roofing material with no vegetation (Fig. 1) . All paired sites were either six or eight stories tall and of similar height to surrounding buildings, and there was no difference in lighting on the roofs-no roofs had distinctive or exceptional nighttime lighting. One of the paired roof sites was connected but located a substantial distance away from each other so that recorders on each roof type were only recording bat activity over the roof on which they were installed. Examining recordings after the first week of deployment verified that each set of paired detectors did not record the same bats simultaneously.
Bat acoustic recording
Bat activity was recorded using passive SongMeter SM2BAT+ (Wildlife Acoustics, Concord, MA) full spectrum ultrasonic acoustic recording units (detectors) between 1 May and 5 September 2013. Passive sampling was used instead of active recording because personnel were not allowed on rooftops at night. One detector was deployed in the center of each roof and left for the duration of the study for a total of eight detectors on eight roofs. We attached external SMX-US omnidirectional microphones to the top of 2.7-m poles to minimize echolocation bounce off of hard surfaces and to maximize the number and quality of calls recorded. Microphones were calibrated before deployment (Parsons and Szewczak, 2009) using an Ultrasonic Calibrator (Wildlife Acoustics, Concord, MA) with a 40 kHz pulse.
Detectors were set to record calls continuously from civil twilight to civil twilight. Detectors were set with a 192 kHz sample rate, 12 kHz digital high pass filter, 18 dB trigger level, microphone bias off, and 36 dB gain. We used a 2.0 s trigger window minimum and 8.0 s maximum file length so that calls would be an appropriate length for the analysis software. Calls were recorded in WAV format onto data cards and copied to hard drives for later analysis. Data cards and batteries were changed every two weeks.
Bat call analysis
Due to occasional unexpected detector failures (e.g., because of battery displacement or vandalism), only data from nights when both detectors in a pair were functioning for the entire night were included for analysis. This approach helped maintain the integrity of the paired design. Recordings from all sites were first passed through SonoBat Batch Scrubber Utility 5.2 (DND Design, Arcata, CA) using default settings to remove the majority of files that did not contain bat passes. A bat pass (or ''call'') was defined as a file with two or more pulses and with each pass separated by one or more seconds (Kalcounis et al., 1999; White and Ghert, 2001 ). Due to the large amount of regular, high-and low-frequency ambient noise in our urban setting, files were then visually inspected on a time-frequency sonogram for the presence of bat echolocation calls in order to manually eliminate files that contained only non-bat noise.
All passes identified as ''bats'', including those that were not suitable for species identification, were used to calculate an index of bat activity. Relative bat activity at each site was quantified as the number of bat passes per night (Gehrt and Chelsvig, 2003) . The activity index does not provide an estimate of abundance of bats in an area (Hayes, 2000) but is, instead, an estimate of the relative use of a site and can be used to make relative comparisons between sites (Hayes, 2000; Parsons and Szewczak, 2009 ).
Foraging activity
Quantification of passes containing ''feeding buzzes'' or ''terminal buzzes'' (see Griffin, 1958 and Griffin et al., 1960 ) is often used to indicate foraging activity in acoustic monitoring studies (e.g., Avila-Flores and Fenton, 2005; Fukui et al., 2006; Grindal et al., 1999; Kalcounis et al., 1999; McCracken et al., 2007; Pearce and Walters, 2012 and Vaughan et al., 1997) . We examined passes visually for the characteristic high inter-pulse repetition rate, steep pulse slope, and short pulse duration of a feeding buzz (Griffin et al., 1960; McCracken et al., 2007; Schnitzler and Kalko, 2001 ) as in Kalcounis et al. (1999) . Passes containing feeding buzzes were labeled as such, tallied for each site, and used to calculate a ''buzz ratio'' or ratio of feeding buzzes to bat passes (Vaughan et al., 1996) . Passes containing feeding buzzes were only quantified for overall bat activity, not for each species specifically.
Species identification
Bat passes were examined for quality before species analysis, and only regular, search phase calls with a single echolocating bat were used for species analysis as low-quality, fragmented calls are likely to result in misidentification (Szewczak, 2002) . Any obviously fragmented calls were not included for analysis (Miller, 2001) . These calls were then analyzed using default settings in SonoBat NNE 3.2.0 automated classifier: a required call quality of 0.80 and a 0.90 decision threshold (as in Kalcounis-Ruppell et al., 2013 and Jameson and Willis, 2014) . Identifications were then checked using an acoustic identification key to confirm species presence at each site and to investigate any unusual identifications made by the automated classifier.
The ability to make interspecific comparisons among sites using acoustic recordings is limited, and the ability to record and correctly identify calls varies between species (Hayes, 2000; O'Farrell and Gannon, 1999) , as species composition can be skewed by the presence of a small number of highly active bats. To account for species-specific differences in activity, we used the Miller activity index (Miller, 2001) to examine relative activity between species. The Miller activity index is determined by the number of one-minute time blocks that each species is present at each site. We also examined the difference in species richness between sites using only species presence.
Vegetation cover analysis
Land cover was analyzed using ArcMap10.2 (ESRI, Redlands, CA). The data source was the 2010 Landcover Raster Dataset, a high resolution (3 ft 2 ) raster available from NYC OpenData (https://data.cityofnewyork.us). We reclassified seven land cover classes into the following four classes: impervious surface (includes road, buildings and other paved surfaces), water, bare earth, and vegetative cover (includes tree canopy cover and grass/shrubs). We defined concentric circular buffers at 100, 500, and 1000 m around each site (Dixon, 2011) and extracted land cover data from these buffers. Buffers larger than 1000 m could not be used because this resulted in the overlapping of buffers from two of the sites that were only slightly more than 2 km apart.
Statistical analysis
All statistical analyses used R version 3.1.1 (R Core Development Team, 2014) , and a significance level of α = 0.05 was set for all tests. We used a linear mixed effect model with roof type as a fixed effect and week as the random effect to examine bat activity over the duration of the sampling period. Differences in proportion of feeding buzzes between roof types and intraspecific differences in activity were tested using a chi-square test.
We tested for differences in the amount of vegetation at 100, 500, and 1000 m between green and conventional roof sites using a paired t-test to confirm the integrity of the paired design. We tested for covariance between vegetation at 100, 500, and 1000 m using Pearson's correlation. Linear regression models were run to examine the relationship between surrounding vegetation and bat activity.
Results
Overall bat activity
Bat detectors ran for a total of 676 detector nights (where one detector night = one detector deployed at one site for one night) between 1 May and 5 September 2013. Detectors functioned for an average of 85 nights per site over the sampling period, and 965 bat passes were recorded. Taking into account the effect of week, the effect of roof type was significant; green roofs had higher average bat activity per night (F (1,93.25) = 4.45 p = 0.04) (Fig. 2) .
Passes containing feeding buzzes constituted only 2% of all passes, with only 12 and 8 buzzes over green and conventional roof types respectively. This difference in buzz ratio over green versus conventional roofs was not significant (chi-square test, p = 0.99); however, the number of passes containing feeding buzzes were strongly correlated with total bat passes at each site (r = 0.98, p < 0.001).
Species specific bat activity
Of the 965 total passes, 67% were categorized into the Sonobat designated high frequency call clade, which for the NY region includes Lasiurus borealis, Perimyotis subflavus, and Myotis spp. The remaining 33% were classified into the low frequency call clade compromising Eptesicus fuscus, Lasionycteris noctivagans, and L. cinereus. Overall, 579 of passes (60%) could be identified to species.
Over green roofs, five species were recorded with Sonobat estimated likelihoods of 0.90 or above: L. borealis, L. noctivagans, E. fuscus, P. subflavus and L. cinereus. The most prominent species, L. borealis, accounted for 69% of all identified passes; 15% were L. cinereus, 15% L. noctivagans, 4% P. subflavus, and 3% E. fuscus.
Over conventional roofs, three species were recorded with Sonobat estimated likelihoods of 0.90 or above: L. borealis, L. noctivagans, and L. cinereus. There were three passes from P. subflavus and one from E. fuscus, which gave estimated likelihood values of 0.58 and 0.23 respectively; however, upon inspection and analysis with an acoustic key, all of these passes were confirmed to be from the species assigned by Sonobat, thus P. subflavus and E. fuscus were also considered confirmed over conventional roofs. The most prominent species, L. borealis, accounted for 60% of all identified passes; 26.5% were L. cinereus, 11% L. noctivagans, 1% P. subflavus, and 0.5% E. fuscus.
There was no difference in species richness between the roof types: all five species were recorded over both green and conventional roofs. We found differences between total activity index over each roof type for L. borealis (p < 0.001), E. fuscus (p = 0.03), and P. subflavus (p = 0.01) (Fig. 3) . 
Surrounding land cover
Surrounding vegetation ranged from 1.0% to 10.9% at 100 m, 4.1% to 15.8% at 500 m, and 15.5% to 31.9% at 1000 m (Table 1) . We found no difference in the amount of surrounding vegetation between green and conventional roofs sites at any of the three buffer distances (paired t-test, p > 0.05). Surrounding vegetation was correlated at 100 and 1000 m (r = 0.82, p = 0.01). Bat activity was correlated with surrounding vegetation at 1000 m (r 2 = 0.50, p = 0.05).
Discussion
The effect of green roofs
Our prediction that bats would be recorded more often over green than conventional roofs in NYC was based on the assumption that there would be more arthropod prey available to bats over vegetated roofs; hence, we expected that more bats would be present over green roofs due to increased foraging activity. Arthropod samples using sticky and bowl traps collected from three of the four green and conventional roof pairs in this study for a separate research study each showed higher species richness and abundance of arthropods (D. Partridge, unpublished data). Our initial measure of foraging activity, the buzz ratio, did not differ between site types, most likely due to an exceptionally low number of passes containing feeding buzzes recorded. Feeding buzzes are more difficult to record than search phase calls due to faster attenuation of the feeding buzz over shorter distances (see McCracken et al., 2007) , an effect that is likely intensified by the presence of constant high frequency urban noise. However, the strong correlation between passes containing feeding buzzes and total passes indicates that total passes may be used as a proxy for foraging activity as in other studies (e.g., Fukui et al., 2006) . The difference in average passes per night between the two roof types was small, but significant, and in agreement with the results of Pearce and Walters (2012) in the UK. Because we did not record many feeding buzzes, we could not definitively conclude that bats are foraging over green roofs, and it is possible that they are only commuting in the airspace over the roofs. However, the significantly greater amount of bat activity over green roofs, combined with evidence of more arthropods on green roofs, is a likely explanation of increased foraging activity in these patches. The green and conventional roofs in our study were otherwise similar, and we can think of no other explanation for why bats would choose to commute in green roof airspace over conventional roof airspace.
The presence of bats at a site does not directly give information on the quality of the site as habitat. Bats may be foraging over green roofs, but actual prey capture ratios, as well as quality of prey items, are unknown. We also did not compare between green roofs and other habitat patches, so our conclusions are limited to a comparison of green roofs to conventional roofs. Green roofs may not perform as well when compared to larger habitat patches or those containing resources other than just prey, such as water or trees for roosting. There are also other factors that may affect bat activity of both roof types. The factor ''week'' included in the analysis shows that bat activity is highly variable and is likely affected by date (seasonal bat activity) and temperature.
Surrounding landscape
While we found no difference in surrounding vegetation between the site types, the effect of surrounding vegetation at 1000 m on bat activity regardless of roof type was strong. Even though green roofs had, on average, more bat activity than conventional roofs, surrounding vegetation explained 50% of bat activity. The roofs with highest activity levels within each roof type were those with more surrounding green space in the form of trees, shrubs, and grass. This result suggests that the availability of nearby habitat is important in contributing to the effectiveness of the green roof as a habitat patch. A visual inspection of aerial photos of the sites reveals that the vast majority of green space near these sites is tree canopy, mostly in the form of street trees and small parks. Given that the three species recorded most frequently are tree roosting bats -L. borealis, L. noctivagans, and L. cinereus -the presence of roosting habitat nearby may increase the ability of these species to utilize the green roof as foraging habitat or the frequency with which they encounter this habitat and subsequently stay to forage. Another possibility is that, in locations with densely packed buildings and tree canopy, green roofs provide a patch of open space in which bats can more easily forage. In either case, the combination of green roof and surrounding vegetation results in the highest bat activity.
Species-specific effects
While little information is available on the bat community composition in NYC, anecdotal evidence from naturalists and park employees in NYC, as well as studies on bats in other metropolitan areas in the US (e.g., Loeb et al., 2008 and Kurta and Teramino, 1992 ) led us to expect that E. fuscus would be the dominant species recorded during this study. Instead, E. fuscus was the least recorded of all species, and L. borealis dominated our recordings. It is likely that nearly all of the high frequency passes recorded (67% of the sample) are from L. borealis. The only other possible high frequency species in the region are P. subflavus and the Myotis spp. Due to the low numbers of P. subflavus and complete lack of Myotis bats in the subset of passes that were identified to the species level, the majority of unidentified high frequency passes were probably L. borealis. Although differences exist in detection rates between bat species that can skew the proportions of species in a sample, the dominance of L. borealis and low numbers of E. fuscus are substantial enough to challenge conventional wisdom on the community structure of bats in NYC and warrants further investigation to determine if this pattern holds true in other areas of NYC or is an artifact of the type of habitats we surveyed (i.e., parks versus building dense areas).
The lack of a difference in the number of recordings of L. noctivagans and L. cinereus over each roof type suggests that these species were recorded while commuting through the city. The low overall number of passes each for E. fuscus and P. subflavus suggests that green roofs may not benefit these two species to any great extent. E. fuscus is known to roost in highly urbanized areas and commute long distances to forage outside the city (Everette et al., 2001) , so there is a possibility that these individuals we recorded are only being recorded over green roofs on their commute to more rural foraging grounds; however, we would then expect to record E. fuscus near sunset after emergence and again in the early hours of the morning upon their return. After examining the timing of E. fuscus recordings, we observed no patterns that would indicate that this is the case; calls from this species were dispersed throughout the night.
The proportion of L. borealis recorded and the greater number of passes recorded over green roofs for this species, suggest that green roofs may be particularly beneficial for this common, generalist species. The peak in activity during the fall migratory season may be due to increased presence of this species during the migratory period.
Conclusions
While we controlled for roof height in this study, green roofs can vary from only a few to tens of stories in height, and vegetation positioned at certain locations within the three-dimensional space of a city may be more or less beneficial to bats. Green roofs can also differ in vegetative composition, e.g., from low-lying drought tolerant species to flourishing native gardens. Our study included representative roofs from both of these classifications. The type of invertebrate habitat a roof's vegetation provides likely has an effect on the type and density of prey species available for bats; hence, some green roofs will provide better foraging habitat than others. There also may be an interaction between activity over green roofs, vegetation type, date, and temperature. For example, green roofs may be particularly beneficial during the reproductive season or conversely, during migration. All of these factors deserve additional examination. Further studies that examine the role of roof height and vegetation type along with recent research on green roof arthropod and avian communities can be used to inform stakeholders on how best to design green roofs for wildlife habitat. Our study provides a basis for future investigation of the many factors that may affect bat use of green roofs.
More specifically, our study suggests that bats that reside in urban areas may benefit from the presence of green roofs over conventional rooftops. Further, green roofs contribute to the diversity and abundance of arthropods in the urban landscape and, as such, may be beneficial as both direct foraging grounds and by contributing to prey abundance throughout the urban landscape. We do not suggest that green roofs be used in lieu of other green spaces but, instead, that they be used in conjunction with larger green spaces that provide roosts and additional foraging habitat for urban bats. In short, green roofs have greater potential to benefit bats than conventional roofs.
